Abstract -The construction of the Daugava hydro power station (HPS) cascade has significantly transformed Latvia's largest river the Daugava, reducing its importance in the natural reproduction of anadromous fish species. Currently in Latvia, as well as in other Baltic Sea countries, the river lamprey catch is decreasing, whereas the landings in the river Daugava have tended to increase. The dynamics of the river lamprey landings show the possible redistribution of lamprey stocks between the rivers Gauja and the Daugava. Possibly, this is a result of anthropogenic influence and changes in the river lamprey resource management may be necessary in the future.
I. INTRODUCTION Significant changes have taken place in the 20
th century to the Daugava, Latvia's largest river, as a result of human intervention. During the period from 1939 to 1974, a cascade of hydroelectric power stations (HPS of Pļaviņu, Ķeguma and Riga) was built on this river. Since the construction of the HPS cascade, the available river lamprey spawning biotopes in the Daugava basin has become very limited ( Figure 1 ).
Nowadays the river lamprey landings in Latvia, as well as in other Baltic Sea countries, are much fewer than in the 1960s and in the beginning of the 1970s. The reasons which have caused a decrease of river lamprey landings in the basin of the Baltic Sea are anthropogenic factors, such as river regulation and damming, water pollution and eutrophication, overfishing, etc. The area of distribution of the river lamprey in the rivers of the Baltic Sea basin has been reduced, and in many countries they have been assigned the status of a protected species. The river lamprey is included in Council Directive 92/43/EEC (21 May 1992) on the conservation of natural habitats and of wild flora and fauna. In Latvia, the river lamprey is included in the Cabinet of Ministers Regulations No.396 dated 14.11.2000 , "Regulations on the List of Specially Protected Species and Species with Exploitation Limits". These regulations prescribe that the fishing of river lamprey is allowed in limited amount, if it does not harm the protection of the population of the respective species' favourable protected status in its natural area of distribution. At the same time, the river lamprey is one of the most economically significant species in Latvian inland fisheries. Despite the construction of the Daugava HPS cascade and the overall reduction in the annual lamprey landings in Latvia, the lamprey landing in the river Daugava in recent years has had a tendency to increase.
The changes in the river lamprey landings and the stock dynamics and the reasons for theses changes have been analyzed in this article. The article's authors also provide recommendations for the management of river lamprey stocks in the future.
II. MATERIALS AND METHODS
Data on the river lamprey landings by individual rivers and for Latvia as a whole have been used to evaluate the long term change in River Lamprey stock.
The oldest historical data on landings is from the late 19 th and the early 20 th century [2, 3] . Regular data on lamprey landings are available from 1945. This data has been aggregated in publications [1, 2, 3, 10, 14] , as well as in reports and archives of the former USSR state institutions involved in the monitoring, research and restocking of fish resources -the Baltic Fisheries Research Institute (BaltNIIRH) and the Baltic Fish Conservation and Reproduction Administration (Baltribvod). From 1990, fishing data has been collected and stored in Latvian state institutions and institutes -the Latvian Fisheries Research Institute (LatFRI), Latvian Fish Resources Agency (LatFRA) and the Institute of Food Safety, Animal Health and Environment "BIOR". Data in various sources are not identical. Moreover, some of the sources summarized the landings in accordance with the fishing season (usually from August to April of the following year), whereas in others -by the calendar year. The landing data summarized by the calendar year have been used in this paper.
The evaluation of the potentially most significant and influential anthropogenic factors is based on the research results published in the period from 1961 to 1991, and on their analysis.
The cod and herring landing data were taken from the Integrated Control and Information System for Latvian Fisheries
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(LZIKIS). The volume of artificially bred river lamprey larvae in the Daugava was taken from official statistical data, which has been published in Latvia's Fisheries yearbooks.
III. RESULTS AND DISCUSSION
The river lamprey is a monocyclic, diadromous species. River lamprey spawning in Latvia occurs in May -June, after the spring flooding, when the water temperature exceeds +9 o C. Spawning occurs in places with a comparatively strong current flow (1.0 -1.8 m/sec.) and a sandy-pebbly or gravel bottom. In the first days the hatched larvae move about very little and are taken along with the current, but after about a week they start to move actively and dig down in sandy places in the river bed. Ammocoetes spend four to five years in the river and after reaching a length of 9 -14.5 cm, they begin their metamorphosis. After metamorphosis, the young lampreys migrate to the sea in April -May and begin to feed on fish. The main food objects of the river lamprey are pelagic sea fish -the Atlantic Herring (Clupea harengus membras), the Baltic Sprat (Sprattus sprattus balticus) and the European Smelt (Osmerus eperlanus). Usually lampreys spend one or two years in the sea. After reaching a length of 17 -49 cm and a weight of 20 -195 g, mature lampreys migrate to rivers to spawn. The spawning migration starts in July -August and continues practically until spawning in the spring of the following year [13] .
As opposed to other countries [6, 18] , there is no freshwater population of river lamprey found in Latvia.
The first information on the river lamprey landings is available from the turn of the 19 th and 20 th century. The landing in the Daugava at this time was assessed as at least 25 t in one spawning migration season. In the period from 1950 to 1960, the lamprey landings in one season varied from 4.1 to 19.9 t [2, 3] .
In the period from 1960 to 1975, stable and high annual landings were typical (Figure 2 ). In the river Daugava landings in this period, on average, exceeded 30 t, but the overall landings of Latvia's rivers even reached 200 t. The most important lamprey river in this period was the Gauja, and a proportion of this river in the overall Latvian annual landings fluctuated from 41% to 79%.
In the following years a rapid decline in landings was observed. This began already in 1975, but in 1976 and 1977 the landings were still quite significant. In the river Daugava, it was 11 t and 9 t respectively, whereas, in the river Gauja, 163 t and 132 t respectively. In the next 10 year period the smallest known landings were observed in separate rivers and in Latvia as a whole. The overall river lamprey landings in Latvia in this period decreased a number of times and did not exceed 57 t a year.
From 1986, the river lamprey landings began to gradually increase in Latvia and from 1990 in the river Daugava as well. Since the late 1980s, the annual landing in Latvia has fluctuated between 72 -170 t, whereas in the river Daugava it has gradually increased from 6 to 30 t. Currently, the annual river Daugava landing has tended to increase, whereas the overall river lamprey landing in Latvia, after a peak in 1989, has tended to decrease. In recent years the lamprey landings in the river Daugava has come close to the relatively large landings of the 1960s and early 1970s.
The first HPS on the river Daugava, 70 km from its mouth (Ķeguma HPS), was built in 1939. The Ķeguma HPS had a fishpass built into it, and some river lamprey were able to get through it. At this time, the river lamprey migration reached Pļaviņas and the river Aiviekste in the middle reaches of the river Daugava [2, 3] . It was established that the river lamprey landing in the Daugava after the construction of the Ķeguma HPS decreased, and the construction and operation of the HPS has been mentioned as one of the reasons [2, 3, 14] . There have also been observed seasonal changes in the lamprey landing. Compared to the period before the construction of the Ķeguma HPS, the larger part of annual landing was obtained in spring -in April and May [10] .
The effect of the construction of the Pļaviņu HPS dam in 1965, 107 km from the mouth of the Daugava, was less, but it completely stopped the lamprey spawning migration in the Daugava's middle and upper reaches.
However, the completion of the Riga HPS, 30 km from the mouth in 1974, completely blocked the access of the river lamprey to its most significant spawning areas in the basin of the river Daugava. Individual places for spawning in the Daugava were preserved only close to Dole Island near the Riga HPS, as well as in some of the Daugava's tributaries -the Lielā Jugla, Mazā Jugla and the Ķekava [10] . The construction and operation of the Daugava HPS cascade is considered to be the most important factor which negatively influenced river lamprey resources in this river [3, 7, 10] . The creation of artificial barriers in other Baltic Sea countries is considered to be one of the most significant negative factors as well [17, 18] . Besides blocking of spawning migration routes, the cyclic operation of the HPS also causes radical changes in water levels and speed of flow under the Rīga HPS. This aggravates the spawning conditions of river lamprey at the remaining spawning places in the river Daugava [3, 7, 10] . The construction of the Daugava HPS cascade has also changed lamprey fishing in the Daugava. The traditional river lamprey fishing places near Dole Island were lost, and for a time (from 1981 to 1984), lamprey fishing was also closed. Currently, lamprey fishing is conducted in an approximately 25 km long section of the river from the outlet of the Audupe to the Riga HES dam. Traditional fishing gear -lamprey weirs have been replaced by lines of fyke-nets, with which fishing in the deeper parts of the Daugava is possible.
In the period from 1960 to 2010, the annual river lamprey landing in the river Daugava was between zero and 50 tonnes and significant annual fluctuations are characteristic from year to year. Sharp yearly landing fluctuations are typical of other Latvian rivers and total landings as well (Figure 3 ). These fluctuations can be explained mainly by the biological peculiarities and fishing features. The river lamprey is a monocyclic species and breeds only once in its life. Its spawning stock structure is created by no more than three age groups and individuals of one age dominate in spawning stock [11, 12, 13] . Due to this, the size of the spawning stock and the annual river lamprey landing is dependent on the strength of one separate generation, which is influenced by a range of factors. Factors mentioned in the literature is the level of the river and water temperature and the number of spawners in spawning season [13] , wintering conditions in the first year of life, wintering conditions in the period of metamorphosis, availability of food in the sea, etc. [10] . Lamprey landings in rivers are also affected by the intensity of lamprey migration and the opportunities for fishing determined by water temperature and water levels in rivers and the sea, the phase of the moon, water levels (flow) in rivers in various seasons, sludge and development of a stable layer of ice on rivers. Natural 6 -8 year long landing cycle fluctuations are also mentioned in literature [17] . However, in Latvia, in an analysis of the dynamics of four to eight year long landing cycles, a significant connection between the landings of spawning stock and their potential offspring was not established [14] . The facts mentioned lead one to consider that the yearly river lamprey landing fluctuations in the river Daugava can be explained by a combination of complex natural and anthropogenic factors, and that is why the analysis of separate anthropogenic factors is very difficult.
The fishing mortality of river lamprey spawning stock in the river Daugava has not been researched. In other rivers, the fishing mortality has been estimated up to 80% from the spawning stock [12, 19] .
However, it can be considered that commercial fishing of river lamprey in the river Daugava does not have a determinative effect on lamprey resources in this river. Since 1940, river lamprey stocks in the Daugava have developed in conditions of reduced spawning area [10] , but the size of the annual river lamprey landing in recent years has been relatively stable and has tended to increase.
Alongside yearly fluctuations, long term trends in the dynamics of river lamprey landing in the Daugava can also be observed (Figure 3) .
Since 1960, the annual river lamprey landing in the Daugava and in Latvia as a whole was stable and high. The increase in the landings in these years had been explained by an improvement in river lamprey spawning conditions and successful fish protection measures [1] . In literature, it is also pointed out that the lamprey population in the river Daugava had adapted to the partial loss of spawning sites in the Daugava's middle and upper reaches after the construction of the Ķeguma HES [10] .
The decline in the annual river lamprey landings in the river Daugava began in 1975, which on the whole corresponded with predictions expressed [3, 7] on the expected reduction in the landing after the completion of the Daugava HPS cascade in 1974. Over a few years the river lamprey landing in the Daugava fell to 0.2 t in 1980. However, the drop in the landing cannot be explained only by the negative impact of the construction of the Riga HPS. This is shown by the fact that in 1976 the drop in the landing began practically in all rivers where river lamprey were fished in Latvia, which is also reflected in a significant reduction in the lamprey landing in Latvia's rivers as a whole.
The drop in the river lamprey landing and deterioration in stocks in Latvia in the 1980s was partly explained by changes in the Gulf of the Riga ecosystem [10] . Due to the productive cod generations in 1976 and 1977, cod stocks in the Baltic Sea increased significantly. Cod is the most important predatory species of fish in the Baltic Sea, and with an increase in the cod stock in the Gulf of Riga, the stocks of main river lamprey food objects -herring, sprat and smelt -rapidly decreased. The dependence of herring stocks on cod stocks has also been shown in other research [8] .
The significant reduction in the river lamprey landings in the largest river lamprey spawning and fishing rivers in the Gulf of Riga basin (in the Daugava, Gauja and Salaca) and the low landing periods in these rivers coincide with an increase in the cod landing in the Gulf of Riga.
Over this time the cod landing in the Gulf of Riga varied from 1 000 to 11 000 tonnes a year, which historically was the largest landing of this species here. In turn, the landing of herring in the Gulf of Riga in this period dropped significantly and only just exceeded 14 000 tonnes in some years, which was the lowest landings of this species in the period from 1960 in the Gulf of Riga (Figure 4) . Still, the changes in stocks of cod and potential food resources of the river lamprey do not explain the river lamprey landing dynamics over the whole period in review. From 1988 the landing and stocks of cod in the Gulf of Riga were negligible, whereas the size of herring landings has returned to the level of the 1970s, which corresponds to a good stock level. Despite this, the total river lamprey landing in the Daugava, Gauja and Salaca is 2-3 times smaller than the high landings in the period from 1960 -1975. In the same way, changes in food sources of the river lamprey cannot explain the overall reduction in the Latvian landing in contrast to the increase of the landing from the Daugava.
As mentioned previously, the reduction in lamprey stock in the river Daugava were already predicted in the 1970s. That was a reason why artificial incubation and the stocking of river lamprey larvae in rivers started in Latvia. The artificial restocking was recommended as a measure to reduce the negative influence of the HPS [2, 3, 7, 16] . The stocking of the artificially bred larvae was commenced in the mid 1980s [16] , with the release of about two million river lamprey larvae per year. In recent years from 1.3 to 18 million (on average 7.4 million) artificially bred ammocoetes were stocked annually into the lower part of the river Daugava and its tributaries Lielā Jugla and Mazā Jugla.
It has to be conceded that the effectiveness of the stocking of lamprey larvae has not been proved. A number of facts indicate that the growth in river lamprey landings in the river Daugava may be due to other factors than the stocking of ammocoetes.
Firstly, the increase in the annual landings after the low landing period was observed in the majority of rivers, including those in which the stocking of river lamprey was not undertaken as well. Secondly, the number of mature lamprey used in artificial breeding and larvae restocked can be viewed as insignificant. In accordance with data in the literature [16] , the recapture rate of river lamprey in commercial fishing is 0.3 -0.7% of the released number of larvae. In this way, of the 7.4 million larvae available, it should be possible to get 51.8 thousand lamprey individuals.
For many years the average weight of river lamprey in the Daugava did not exceed 68 grams [10] , therefore the number of artificially bred larvae annually can ensure no more than a landing of 3.5 t.
The dynamics of river lamprey landing from the Daugava also cannot be fully explained by the potentially most significant factors indicated in the research papers -the construction and operation of the Daugava HPS cascade, changes in cod stock and the commencement of artificial breeding and restocking of ammocoetes. Similarly, information which we currently have at our disposal makes one think that the overall size of natural spawning and artificial breeding is not sufficient to provide the size of landings in the river Daugava at the current level (25 -30 tonnes per year).
River lamprey and other anadromous fish species, in heading into rivers for spawning, are led mainly by smell which allows them to recognize their river of birth. The importance of smell in migratory orientation is also emphasized in research on river lamprey in Latvia [2, 12] . Evidence has also been obtained on the fact that river lamprey spawning migratory orientation, like with sea lamprey (Petromyzon marinus), are also influenced by pheromones released by their larvae [5] . Simultaneously, researching river lamprey homing, it has been established that it is not strongly marked. The research done in Finland [18, 19] indicates that homing could be less strong for river lamprey than for other anadromous species of fish. Research done in Latvia also [12] confirms that individual fish caught in the river Gauja and marked, after release in the Gulf of Riga, were caught in the river Daugava. Cases were also mentioned in this research when lamprey marked in the river Daugava were then caught in the river Gauja.
In lamprey spawning migration research in Latvia, it has been established that the entry of river lamprey into rivers is dependent on a number of factors (phases of the moon, water levels, speed of the current, river discharge, time of day or night, etc.). The total river discharge into the Gulf of Riga at a particular time is mentioned in most of the research, as one of the most significant factors influencing migration [4, 9, 10, 12, 15] . Lamprey marked in one river being captured in another river is also explained by the volume of water emptied [12, 18, 19] .
The facts mentioned allow a hypothesis to be put forward that the anthropogenic influence on the dynamics of river lamprey landings in the river Daugava could be connected, not only to the construction of the Daugava HPS cascade, but also with its operation. The regular storage of water and its processing is connected with the periodic increased freshwater discharge into the Gulf of Riga, and the dynamics of such a discharge differ from a natural one. An increased fresh water discharge could attract river lamprey migrating to other rivers (most likely -the Gauja) to the Daugava, which is not the river of their birth. It is possible that the work being done in the river Daugava on deepening the Port of Riga's waterway, which has affected the flow in the Daugava, has had a noteworthy effect.
The partial redistribution of the river lamprey spawning stock from the river Gauja to the river Daugava could also explain the changes in the size of the landings in both rivers and proportionately the overall Latvian landing. In most of the period observed, the river Gauja was Latvia's dominating river in river lamprey fisheries. In the period from 1964 to 1992, more than 50% of the total volume of lamprey caught in Latvia was caught in the Gauja.
Since 1993, the annual size of river lamprey landings in the Gauja, and its proportion of the landing in the total capture, has tended to decrease. At the very same time, an uninterrupted increase in the annual landing from the Daugava has taken place and its proportion of the overall Latvian landing. In recent years the Daugava has been Latvia's most important river in the river lamprey fisheries ( Figure 5 ).
The data currently at our disposal shows [Abersons, oral contribution] that the natural restocking of river lamprey larvae in the Gauja has not deteriorated (the average number of larvae in suitable biotopes in recent years fluctuated from 19.5 to 35 specimens per square metre) and the heading of a part of the river Gauja lamprey stock to spawn in a different river (in the Daugava) can to a certain degree explain the drop of the landings in the river Gauja and increase in the river Daugava.
Other indirect facts also provide evidence of the possible redistribution of lamprey stock between the river Gauja and the river Daugava. According to the data in the literature [2] , annual landings in various river basins in Latvia have fluctuated in a similar manner. However, the river Daugava is obviously an exception. In individual years, with an increase in the river lamprey landings from the river Daugava, they have decreased in the adjacent river Gauja. And conversely, with a decrease in the river lamprey landing from the river Daugava, there has been an increase in the river Gauja. Thus, in 1998 the river lamprey landing from the Daugava was 12.9 t, in 1999 it decreased to 7.2 t, whereas in 2000 it increased to 22.7 t. In those same years the landings changed in the opposite direction for the Gauja respectively, from 13.9 t, increasing to 43.1 t and after that dropping to 34.9 t. A similar correlation has been found in other years as well, but it is not characteristic of the whole period observed.
To obtain the convincing evidence of possible changes in the behaviour of the river lamprey spawning stock, it is necessary to undertake a range of additional research. At the moment, we do not have sufficient information about the strength of river lamprey homing and the choice of spawning migration routes in Latvian rivers. In the last 20 years, the decrease in the annual river lamprey landings shows that a smaller number of lampreys enter the river Gauja to spawn. However, a similar number of lampreys, as before the construction of the Riga HES, migrate to spawn in the river Daugava, but the river lamprey spawning and larvae development area has been significantly reduced in this river. In this way the hydro construction and changes associated with it in the river Daugava could also threaten the survival of Latvia's historically largest river lamprey population in the river Gauja in the future.
Even though artificial lamprey breeding measures were regularly undertaken in Latvia since the mid-1980s, the evidence of their effectiveness has not been obtained. As mentioned previously, the extent of artificial breeding may not be sufficient. Since artificial breeding of river lamprey began, research has not been conducted on the survival of artificially bred ammocoetes and on the overall effect of artificial breeding on the dynamics of lamprey fisheries.
To reduce the negative effect of the Riga HPS on anadromous fish resources, the construction of fish transferring equipment in the dam -a lift, was planned in the 1970s. However, this project did not eventuate. The methods for attraction of spawners were not biologically substantiated. In addition, the fact that the river lamprey spawning and larvae development biotopes above the Riga HPS had been flooded and were no longer suited for the ecological requirements of this species, was not taken into account. In turn, Daugava's tributaries were blocked by watermill dams, which have been transformed into small HPS since the 1990s.
If future research confirms the hypothesis put forward about the influence of the Daugava HPS cascade on the spawning migration of the river lamprey and the redistribution of the spawning stock between the river Gauja and the river Daugava, it may be necessary to make changes in river lamprey fisheries management in the future. It is possible that it may be expedient to reduce the fishing effort in the river Gauja, for the improvement of river lamprey stocks, or to transfer a quantity of the river lamprey caught in the river Daugava to the river Gauja and its tributaries. From the data currently at our disposal, the fact that there is a far greater biotopes area suitable for river lamprey spawning and larval development in the river Gauja and its basin, than in the river Daugava and its basin, provides support for these recommendations. The length of river accessible to migratory fish in the river Gauja exceeds 200 km. The majority of the river Gauja's tributaries are also suited for the spawning of river lamprey. Current data shows that ensuring the river Gauja lamprey populations' natural reproduction at the optimum level can be considered the main factor for the maintenance of river lamprey fishing stocks in the river Daugava as well.
